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lnfl-ared  (1 R) detectors opcrdt inf, from mid 1 R wavelengths to very lonp, wavelength

1 R (i e., 3-18 pm) arc of p,rwit interest fm a varic( y of :,round  based and space basal

applications such as nip,ht vision, early warnin~,  systems, navi:,ation,  ftip,ht  control

systms,  wcatllcr lllCJllitoritlg,,  aIl(lastiCJ]lol]  ly(ll<( lctcc[orsar cllsccliIl  thcfocalplancof

tc.lcsmpe.s). III addition IR detectors in this spectral rcp,ion can bc used forpollulim

monitoring, as well as monitoring tllerclativcl  lllllliclity  profiles and the distribution of

cli ffc.rent mnst it ucmts in the at msphcrc  (c.F,., OS, CO, N? O). ‘J’his  is due to the fact that

mmt of the absorption lines of ~,as molecules lic in this 11-? spectral rcgicm.  Some

examples alc monitorin~  tlIc global  atmosplm ic tcmpcrat  urc p~ofilcs 10 the acre] acy of

one. Kelvin ad the depth to cm kikmctcr  (by mc~surin~,  the tcmpcraturc dcpmdcncc

of the absorption signatures of the carbon dioxide molccwlcs),  rdativc  humidity

pI ofllcs, and tllc. distribution of minor const it ucnts in the atmosphere, studies which arc

already  being planned for NASA’s 1 ~ar[h Observjnp,  Systcm 1 (10S). ‘1’his spectral



rcgim is also rich in information vital to tlic mdcrslandinp,  of composi  t ion, st ruct urc

and the energy balance. of molecular clmds and star forming rcgicms of our galaxy.

‘J’hUSj  there is grexit  ccmmcrcial,  scicmtifk and academic  intctcst  in IR ddcctor,s

opcratingin  tlliswavclcllgtll rcgioll.

It iscl]sto~~~ary  to~~]akc.  lRdctcct(~]-sil]  tl]iss~Jc.ctral  spaI]by ~]tiliz,iI]g,  t}]cii]tcrl]aI]cl

absorption of narrow band gap semiconductors (e..g,., InSb, 1 lg] .xCdx”l’e.). }Jig.  1 shows

the schmatic  band diagr~m of a cmvc.ntional  intrinsic detector which invo]vcs

intc.rbard  absorption. 1 R mdiat  ion is absorbed by the photosc.  nsit ivc material when an

inmming, photon  has suftlcicnt  mcrgy  1; (1> hv, where h is the. Planc,k’s constant ancl v

is the frcquc.ncy of the incoming plmton)  to photocxci  tc an elect m] from the. valcnc.c.

band to the conduction band. III a Mcctor  stroctum  these photocxcitcd  cart icrs arc

cd lcded  by applying an clc.c.tric  ficl d, thereby procluci ng a photocurl  cnt or a

photmm]tagc.  Since the absorbed photon CIICI g,y is greater than the. cncrs,y of the band

f,ap 1 ~, both electrons ancl  t}m holes arc crcfitc.d,  thus, the sc.n~icon[iuctor  dots not ncd

to bc dopcct (these. dc.tcctors arc. callc.d  intrinsic (Ictcctors).  I argc  two di mcnsional

arlays of lnSb (512x512 pixels) and IIgl .xCdxrl’c. (128x 128 pixels) dctcdms  have

alrc~dy been dcmmstridtd  up to cut off wavelengths of 5 p m and 11 pm respect ivcl y.

in lnSb, since  lhc band gap is fixed, these dctmtors cannot bc oj~cratcd  al lo~~gcr

wavdcngths.  on the other hamt,  1 lp,l .xCclX’l’c  can made into narrow bancl  gap materials

by varying the alloy composition. 1 lowcvm, the long wavckng,th  larg,c 1 lp, I .X(ltxrl’c

arrays arc high] y non mi form in composition and clopi n~, (thus large nonuni  formit ics in

sped t-al response and scnsitivit  y). 1 lrlhcr more, there arc larjy nu mtms  of trap ccntcrs

throughmd  the. band g,ap and cha~-p,cd  surfwc  states (thus hi@m- 1/f noise) which

prmtucc substantial ant] detrimental parasitic currents. in addition, such narrow band

gap materials arc mm cti fticult to p,row and process into dcwiccs compatmi  to wick
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band gap smiumductms  (thus low yield and high cost) 2. ‘J’hesc di ffimlt ics mot ival.c.

the exploration of utili7ing  the ar/~jicifil  low <jkc/ivr band gap structures made of wide,

band gap scnliconctuctors such as [iaAs (ser. }h~. 2) which arc easy to grow and

process into dcviccs.  ‘1’hc basic advantages of the GaAs based quantum well inftarcd

p}mtodctcctors  (QW1 l)s), name] y the. hi~,hly  mature CiaAs growth and pmccssing

tcchno]ogics,  bczomc more important at lonp,er  wavelengths where the narrow band g,ap

materials becomes more difficult to work with.

‘1’he possibility of using (iaAs/AIXGal .XAs multi cluantum well (MQW) structures to

dckzt  11< radiation was first suggested by 1 m } kaki c/ al. 3 at the 1Rh4 “I”homas J.

Watson Research Center. The idea of usins MQW structures to detect 1 R mdiation  can

bc understood by the basic principles of quantum nv.xhanics. ‘J’hc quantum well is

cqui valent  to the well known par(iclc  i)f a box problem in quantum n]czbanics,  which

can bc solved by t}lc t i me. indcpcndcnt  Schmdi  ngcr cquat  ion. ‘l’he solutions of this

problem arc the 1 ;igcnvalucs  that define the cncrg,y  ICVCIS  inside the well in wliich the

particle. is confined (set 1 ~ig.  2). ‘1’hc positions of the. cncr~y lCWCIS  arc primarily

determined by the well dimensions (height and width). “1’hcrcforc,  as shown in I rig. 3,

by tai/orit/g the quantum WC.11 structure, the scparaticm bctwccn  the allowed cnmp,y

lCVCIS can be adjusted  so that the 1 R photons can induce  an intcrsubband  transition

bet wem the groumi state and the. first cxcitcd  state. ‘l”hc latlicc  matched GaAs/AIX(ial.

~As (where x is tk molar ratio bctwcm  Al and Ga) materials systcm is a ~,oocl

candidate in which to create sLIch a polcntia] WCII, since the band gap of AIX(ial  .XAS is

higkr than that of the GaAs and can bc chanscd cmtinuously  by varying, x (and hence

the. depth of the well or hc.ight of the barrier). Carr;crs (electrons for n-t ypc material an(i

holes for p-type. material) can be. introduccci  by doping, the CiaAs well. ‘1’hcsc carriers

wil 1 occupy  the gyound state of the quantum wells at low tcmpc.rat ure.s.



‘4

‘1’hc. firs{ cxpcrinwntal  investigation of h4QW structure to detect 1 R radiation was

carricci  out by John Smith c/ al. ‘1 at the California ]nstitutc  of ~’cchnolog,y,  and

thexmticall  y anal ymd by 1 larryl Coon c/ (IL 5 at the I]nivcrsit y of l’ittsburp,h.  ‘J’hc first

cxpcrin]cntal  observation of the strong i ntcrsubband  absorption within the quantum

wcl Is in the conduction band was pc.rformed  by 1 awrcncc. West  cf fil.  6 al Stanford

llnivc.rsity,  and the first QWI1’ wm dcnmnstlatcd by Harry 1 mine ef (il. 7 at the ArJ’&T

Ml 1 abmatories.  “J’his first QWJ P was based m intcrsubbanci  transition bet wccn two

bound  quantum W C]] states (i.e., gIomd  state and the firsl cxcitcci  state arc inside the

WCII).  ‘1’hc intcrsubbanct  absorption cxcitcs  all clcctmn from the ground  state to the. first

c.xci (cd state, where. it can t unnc.1 out to the. continuum (continuous energy levels above

tk quantum wctl) in the prcscncc of an external c~cctric  field, thereby pmducinp,  a

photocurrcnt as shown in 1 ‘ig, 4.

in ackiit  ion to the pimtocurrcnt, all de.tcctors inclu(iing,  QW1 Ps produce a ]~arasitic

current which js a callc(i dark cmcnt, at Id ti~is  mus[ bc mini mim(i to achicvc high

performance.. in QWI Ps, the. (iark cm-cnt Cn-ip,inatcs from three cii ffcrcnt mechanisms as

shown in 1 Jig. S. “1’hc dark current arisin{’,  from the first process js due to quantunl

mechanical t unnc]ing  from WCII to WC1l  through tim AlxGal .XAs bar-rim-s (sequential

t mncling).  ‘1’his process is in{icpcmicnt of tcmJwrat  urc. Sequential t unnc.ii  ng, ciominatcs

the (iaTk current at very low tcn]pcraturcs  (<30 K). ‘1’hc second  mccilanism is thcrmall  y

assistc{i tunneling which involves a thermal excitation and tunneling through the tip of

tim barrier into the cent inuum cncrp,y ICVC1s.  This process govc.rns  tile (iark current at

medium tc.mpcraturcs, ‘1’hc thil(i mcci]anism is classical thcrmionic  emission and

dominates the. dark cmrrcnt  al

cw-rent and the pholocurrcnt

hig,hcr tcn]pcraturcs  (>45 K). IIig, 6 shows the ciark

of typical 15 pm QWJ 1’ at various tmpcratures
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(phcdocurrcnt  i s  indcpc.ndc.nt  of tcmpmt  ure). A t

nmhanism  is the major source of dark current, and

h i g h e r  te.mpcmturcs  the last

the thermal generation rate is

dctcrl~~iIlcd  bythclifctil~~c oftl~ccarlicrsa  l~dtl~cwcll dopin~dcnsity.  ]nthiscase.the

car[-icr  lifetime will dclcr[nincd  by {he. thickness of the Alx(;al  .XAS barriers as dcscribcd

by 1 immanml Roscnchcr  c1 f~l, ~ at the ‘1’homson-Cl  N Rcse.arch 1 aboratc)ry, 1 kancc.

‘l’he. dependence of the dark current (and hence the ctctmtor pc.rfortnancc)  on doping

dcnsit  y was anal ymd by Sarath Gmapala  ct al. g at the A’l’&rl’ l{ell  1 abortitorie.s.  In

parlicu]ar  they have founcl that the dark current can be rcducc(i by many orders of

magnitude by lowering the well doping, density, without significantly reducing, the

pcrfomance  of the detectors.

lly reducing the cluantunl  we]] width it is possible to pu.vh the. second  bound state

(first cxcitccl  state) into the continuum rcsultinp, in a strong Imurld-lo cmfinufm

intc.rsubband  absorption as shown in 1 ;ig. 4. ‘l’he major advantage of the bound-to-

ccmt inuum QWI 1> is that the. photmxcitcd  electron can escape  from the quantum we] 1 to

the continuum transport StatCS Wjtho[]t bC.jl)g, required to tmnc] through the barrier, as

shown in 1 ;ig. 4. As a result, the bias rc~juircd  to efficiently collect  the. photoelectrons

can bc rcducccl dramatically, thereby 10WC1 ing the dark current, ]Mc to the fi~ct that the

photoelectrons do not have to tunnel  thlough  the barriers, the AIXGal -XAS barrier

thickness of l~oul~(l-to-col~  tir~tllll~~  QW1 1’ call  now be increased without reducing the

photoc.lcctl-on  collection efficiency. in addi[ion,  incrcasin?,  the barrier width from a few

hundred ~ to 500 ~ can reduce. the ground  state. sequential tunneling, by an order of

magnitude. lly making usc of these i[ll~~ro~’cll~cl~ts,  Barry 1,cvinc el al.? at the AT& ’1”

}Icll  1 aboratorics  successfully demonstrated the first [~otll~(l-to-col~  tit~~l[ll~~  QWII’

opcrat  i ng at 10 pm with a dramatic i np-ovcmcnt  in the, performance. lluc to this high

performance and the excellent uniformity of GaAs based QWJ Ps, several groups have
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dc.nmnstratd  li=ir~e (two dinEnsioJml  arl-ay d’ 128x128, 256x256, and  5 12x512 pjxcls)

imaging arrays-l~lo-11 up to a cut off wavelength of 10 ~lJli.

\711X{Y 1.ON(; \YAVl~.l  .lYN(;’lTl  1 QWII’

Most of the QWI1>  work described in the pre.vjous sections  has concentrated on the 8-

10 pm spectral band, alt tmlgh pcxik wavelengths as short as A,)= 2,7 pm have been

dcnmstratccl.  ‘1’hc cicsign of QWII)S opcmting  in the, 8 - 10 p m atmospheric window

typically consists of 40 ~ wide CiaAs quantum wells an(i 500 ~ thick Alx(ial.xAs

barriers with x $’ 0.3. in order to tailor the QW1 P response to the very long wavclcngt}l

spcztral region  (~.> 12 pm) the ban ier hcj@t should bc lowered; however, in addition

to lowering the barrier height, the quantuln  well width must bc widened in micr to

lower the pimtocxcitc(i  continuum state. closer  to the top of the. barrier. IIy doing  this

very long wavclcn8th  11{ (VI ,WIR) QW1l’S up to a cut off wavcicngth  of 19 pm have

been [icmonstrated  by Avig(ior  Xussman CI al. 1? at the A“l’&T IIcll  1 ziboratorics.

In order to optimim  the performance of V] (WJR QW1 }}s (iabby Sar-usi ct (II. 13 at the

A’l’&rJ’ Bel l  1,aboratoric.s h a v e  ut ilizcd tim /~oli/lf/-/[ql~(~(fic(Jr~!illf~l~t~l~l  intcrsubbanci

absorption (occurring w}]cn ti~c first excite.(i state js iti resonance wj th the top of the

barrier). ‘l’his transition maximjzcs the intcrsubband  absorption, while maintaining the

cxccllcnt  ekxtmn  transport. ‘1’he dcvjce.  stl uct ure of a QW1 P opcrat  ing at Yl): 15 pm

tyJ~ically  consists of 65-70 ~ wicic  GaAs quantum wclis and 600 ~ thick AIXGal_XAs

barriers with x = 0.15. ‘1’hcsc structures arc. Riown by the tcchnicluc  of nmhxmlar  beam

cpitaxy  (M B}i),  and consis! of 50 pcrio(is of quantum WC1lS  and barriers, sandwichmi

bctwecm ().5 pm top an{i 1 ~J m bot[om Si ciopcxi  N]) = 1 x 1018 cm-3 contact layers. ‘l’he

quantum WCII doping of 8 - 10 IJTN QWJ1>S is usually Nl, = lxlol~  cnr~. }]owc.vcr, jn
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mlcr to lower the } ‘ermi level (1 ~:) of the carriers, in these very long wavelength (A, =

16.5 pm) QWIPS, so as not to bc too larp,c a fraction of the cutoff energy  1&= ht./A,,

and to reducm the thermal g,cncration mtc.,  we.]1 doping, cicnsit y has bczn substantially

TCCiLICCCi  to NIJ = ~.X]017 CIN-3.

1,1(; 11’1’ COIJJ’I.IN(;

QWJ1’S do not absorb

polarization must have an

ctirczticm)  to bc absorbccl

radiation incident normal to the. sur~ace since the light

clec.tric  field component normal to the supcrlattice (grow[h

by the COJ]ftJICd  carriers. As shown in 1 ~ig. 7, when the

incoming light contains no polarization  compcmcnt  along the. growth  direction, the

matrix element of the intmwtion  vanishes (i.e., i~.jil = () where i: is the polar iziticm and

~, is t}lc Jnomentunl  alon~ z direction). As a coJlsel]ucncc,  these. detectors havC to bc

illuminated through a 45” polished facet ~ (sc~ l~ip,. R(a)). ~,lcarl y, this illumination

schcmc Ii mi ts the configuration of dC.tCLIOJ”S  to linear arrays and sin~lc  clements. 1 IOJ

itna~ing,  it is necessary to bc ab]c to cmplc light uniformly to two ciimcnsional  arrays

of these. dcleztors.  Keith @Mscn  c1 al. 14 at ]Yi nccton  l]nivcrsi t y have demonstrated

cfficicnt  ]ight coup]ing  to a QWII)S usinp,  ]incm gratings which rc.moved the light

coupling Ii mi tations and made. two cii mcnsional  QW1 P imap,ing arrays feasib]c (see. } ‘ig

8(b)). ‘J’hcsc line gratings were macic.  of metal OJ] top of each detector or groove ctchcd

through a cap layer oJ] top of the quantilm  WC]] structure ‘1’hcsc p,ratings dc.ficzt  the

incoming light away from the direction normal to the surf we, cnab]ing  intcrsubbanci

absorption. The normal incidcncc.  lig,ht  coupling c.fficie.ncy of line p,ratings is

mmparab]e  to tho light coup]ing  c. flicicnc  y of a 45” pdi shc(i facet illumination scilc.Jm?

and yields an quantum efficiency (t iw fraction of the. inc.icicnt  photons effect ivc in

pro(iucing  tile emitted electrons) of about  1()-20% (fbr QWJI’S having 50 pCJiOdS an[i



ND = 1X1 018 cnr3).  ‘1’his relatively

coupling efficiency and the fact that

8

low c]uantum  efficiency is ctuc to the poor light

only onc polarization  of the lig,ht is absorbcct. in

ordc] to maintain high absorption and thus high cluantum  cfficicncy,  the cluantum  WCII

doping density musl bc kept very high, lcmting,  to a higher  dark mrrcnt.  In orctcr to

furlhcr inc.reasc the c]uant  um e.fficicncy without increasing, the dark cmrcnt, JaTl

Anderson c1 (~/. 1s at the industrial M icroclcctronics  Umtcr,  Sweden, dcvc]opc.ct  the

moss grating (or two dimensional gyiiting) for QWII)S  operating at the. 8 - 10 IInl

spcclral rtmgc, in this case the pc.riodici t y of the grating, is rcpcatcd  in both directions,

leading to the absorption of both polarizations  of incident 1 R light. ‘J’hc addition of

optical cavity results in two optical passe.s through the MQW structure before the light

is diffracted out through the. substmtc., as shown in 1 jig,.  8(c).

Many more passes of 1 R light, and significant] y hig,hcr absorption, can bc achicvcd

with a mndoml y roughened rcftcct ing sm-fmc, as shown in 1 Fig.  9(a). Gabby Sarusi  et

[/1, 1” at t hc AT&~’1’  Be] 1 1 aboratorics  have shown expcri mentall  y that by careful dcsigl i

of surface text m-c randomi  zat ion, cfficicnt  light trapping can bc. obtained. They

demonstrated nearly an order of magnitude cnhanccmcnt  in mpcmsivity  compared to

45° illumination geometry. “J’hc random st ructLn-c on top of the detector prevents the

light from bcinp, ctiffractcd normally backward after the second bounce  as happens in

the Case of cross-grating (SW. ] ‘ig. 8(c)). After each boLmcc, light is scaticrcd  at a

(ii ffercmt  random  angle. and the ml y chance for 1 ight to cscapc oL1t  of the detector is

whc.n it is rcflcctcd towards the sLlrfacc  within the critical angle of the normal. I/or the

{la As/air intmfacc this angle. is about 17°, (ic.fining a very narrow cscapc cone for the

trapped lig,ht,  Some considerations have been taken into account when designing such

J andom scatters to reduce the probability y of lig,ht bci ng di ffractcd into the cscapc  cone.

‘lhc rc.flee.tor was designed with three ICVCIS  of scattering sLn-faces locatcxl at qLlartcr



wavelength separations, as shown in lhgs.  9(b) and 9(d). As shown in 1 ;i~ 9(b) and 9(c)

these scattering centers were arral~gcd  ii] cells to prevent clustering of the scattering

ccntcrs, havinp,  the same ctime.nsion as the light wavckmgth  in GaAs. ‘lThc ccm~bincxi

area of the top unctchcd  ICVC1 and the bottom ICVC1 (A/2. (iccp)  arc. (J~/2 (whcr-c IJ? is the

arm of a unit cell as shown in lii~,. 9(b)). ‘l”hc area of the inte.rmcdiatc.  ICVCJ  (M4 deep) is

also lJ2/2.  These reflecting areas and dc.pths were chosen such that the normally

rcftcctcd light intc.nsitics from two a(l~acemt  surfaces arc cc][lal  and 180° out of phase,

thus maxi rnizing,  the destructive intcrfcrcnce.  at normal rcfkctim (and hcncc lower the

li@~t  leakage. through the mcapc cone). “1’hesc  scattering centers we.rc organimd

ranckmly insictc the cell as shown in l;ig. 9(c). ‘1’his random sttLlctLmc  was fabricated on

the. detectors by usin~ standard photo]it  hography  and sclcc.tivc.  dry etching. ‘1’hc

advantage of the ])l]otolitl]ograpl]ic  process mm a complctcl  y mnctorn proms is the

ability to acmratcl y cent ml the feat urc size at Id to pre.serve. the. J}ixcl  to pixc] uniform it y

which is a prcmquisite.  for high sensitivity imaging focal plane arrays. It is clearly

cvidcmt  from the cxpcri mcnts that maxi nlLIIn mspon sivit y is obtainml when the unit cell

size is e~lL]al  to the wavchmgth  of the QW11) ruaximum rcs]mnsc. Whcm this condition is

met, light scattc.ring, bccorncs  very cfficicnt.  1 f the unit cell is larger than the. wavelength

of the I R radiation (in GaAs), the nurnbm of scat tcj-ing ccntcrs on the detector surface

will dccrcasc and the light is scatkxmt ICSS c. fficicn[ly. On the. other hanclj  if the unit cell

size is smal Icr than the wavelength (in (iaA s), the scat tcring sLmfacc bcmmc.s

effectively smoother, and as a consw]ucnce.  scatlc.ring c.fficic.nc.y  again (Iccrcascs.

Naturally, thinning clown the. subsilatc. cnab]cs  mm bounces of light and therefore

higher rcsponsivi[y.  Onc of the main di ffercnccs  bet wcm the. cffc.ct of the cross grating

and the random rc.ftector is the shape of the Icsponsivity cmrvc; unlilm the cross g,rating,

the random reflector has little impact on the tmnctwictth  of the response curve since the

scat tcring cfficicmcy of the< rmdom  rcflcclor is significantly less wavelength Cicpcndcnt



than for the re~ular  grating. ‘1’hcrcfore,  for the QWI }’s with random  reflectors, the

integrated rcsponsivit  y is enhanced by neaTly the same.  amount  as the peak rcspcm sivit y.

I)IV1’JWJ’OR  ANJ) ARRAY lWRlK)J{i14AN(:lt

1 ‘ip,urcs of nmit such as re.sponsivity  and dctc.tivity  am comnmnl  y used to compalc

the performance of detectors. Rcsponsivity  is the ratio of the signal current to the

incident radiation power m the. detector. J ~ig. 1() shows typical photor-csponse.  curves  of

m-y long wavclcng[h  t}o~ll~(l-to-c.ol~  til~~llll~~  QWI }>s at tcmpcrat  urc ‘J’= 5 5  K .  ‘J’hc

absorption and photorcsponsc curves of boLt~~d-to-contir~~lt[l~l  QW1 Ps arc. much broader

than those of the t}ot]ll[l-to-t}o~lll(l  QWII%. 1 Mectivity  (l J*) is the signal to noise ratio

noT malimd to unit area and unit banclwidth,  ‘J’hc primary noise sourec  in QWII’S is the

shot noi sc produced by the dark current. ‘1’hcrcfore., unliiw  the narrow band gap

dcte~t ors, in which the noise is domi natcd by tcmpcrat  urc independent proccsscs at low

tcxnpcmt mcs, QW1 P performance can be further i mprovcd  by cooling to cryogenic

tcnqm-atures,  as shown in 1 rig. 11.

As can be sem from 1 Jig. 12 mpid pmp,ress  has bmn made in the performance

((ictectivity)  of very long wavclcng,th  QWI1)S, starting with t~otlt~cl-to-b(~t~t~(l  QW1l)s

which had rclat i vel y poor scnsitivit  y, and CL]] mi nat ingj in high performance. bound-to

qtlasicoI~til~tlLlll~  QWIPS with ranclom  reflectors. ‘l’he achieved dctcctivit  ics arc more

than sufficient to demonstrate. Iarg,c two dimensional imaging arrays (128x128 or

larger) at very ]ollg wavelength, which is prcsentl  y not possible with intrinsic narrow

ban(i gap dc.tcctors. } jig. 13 shows a pict urc. of a 12.8x 12.8 QWll) two dimensional

imaging array produce,d by the. Jet l’repulsion 1 aboratory,  which has a peak

rcspon sivit y at 15 pm. 1 ~ig. 14 plcscnt  an cxpandeti  image showing, the. random



~cftedors on the pixc]s (single clcmcnts)  of this in~aging  army. IJL]C to the pixel-topixel

IloIILlrliforlTlitics,  the dc[eztivity  of a sin~,]c pixel is not sufficient to Ctcscribc  the

pe.rformancc of a large imaging array. Noise. induc,cd  by nonuniformity y has to bc. taken

into account for complctc ewaluat  ion. ‘1 ‘his point has bcm di scLIsscd in detail by

} lcmnan  Shepherd cl d. 17 at the lJ.S. Air 1 Wce Rcmc 1 aboratorics  for the case of IUi

infrared focal plane arm ys which have low response, but very high uni fermi t y. The

gene.ral figure of merit to clcscribe the pcrfol mancc of a large imaging array is the noise

equivalent tcmpcrat  urc cli ffcrmcc  Nl M7’, which i nclmles t hc spatial mist originating,

from pixel-to-pixel nonuniform i tics. Ni iA7’ is the minimum tcmpcratm diffcrcncc

across the. target that would  JJrodLlcc  a si~,nal - to-noi sc ratio of unity. 1 ]uc to supcricu

material quality and the high uniformity associated with the (ia As/AIX(;al  -XAS

materials system, an-a ys of very long, wavc]cngth  QWI 1’ with very low N 1 Ml’ wi 11 be. a

reality in the near future.

NIC\i’  MA’1’IU{I Al .S SYS’I’ltM

A II t hc VI ,Wl R QWI 1>s which have bcmn di SCUSSCCI thus far arc based on the lattice

w(itchcd  (iaAs/AIXGa] -XAs materials system. However, it is i ntcrcsti  ng to consiclcr

(iaAs  as the harrier material since the transpor[  in binary (iaAs is c.xpc.c.tect  to bc.

superior to that of a ternary alloy such as AIXGal .XAs, as was previous] y found to be the

case in the lllO.S3(iM.47AS/111}>  binary barrier structures 18, ‘J’O ac,hic,vc. this, Sarath

[;unapala  cl al. 1 g at the. .lct Propulsion 1 abol atory have USCCI the, lower band gap non-

lat [ice matchccl alloy lnXGal  -XAS as WC]] mate.rial together with GaAs barriers. ‘l’his

hcterobm-icr system is also well suited for very kmg-wavelength ( A >14  pm) QW1l%.

‘J’hcsc non-] atticc matched CiaAs/1~~().2(iac).~As  QWJ})s wm grown by MB] i on a

semi - insulating GaAs substrate.. ‘J’hc ck%xtor structure consi stcd of 0.5 II m CiaAs top



and 1 pm bottom contact

(doping  density NI) =- 5 x

laym Si dope.d with 1 x 1017 cm-s, and 10 sets of doped

]017 cn~-3) ]n~.?(i@.$As quantum wells of WC1l width 1.,,, ,

separated by nine 60 nm unctopcd  GaAs barriers. In addition, all of these strmturcs

contain 60 nm thick GaAs spacer layers bctwem  the quantum WCJIS and the toJ~ and

botiom  contact Jaycrs. lXxJ>itc the 1.2% Jatticc mismatch bctwccn  ln~.?Ga[)gAs  and

(iaAs, cxccllcnt  c]uality  ncm-Jatticc n~atcJml  GaAs/lno?{i@.gAs QWIP structure have

bcc.n grown. ~ 5

‘l’he rc.sponsivity  of this ln~.?(;a{).~A  s/(iaAs detector Jxaks at 16.7 pm and the peak

rc.sponsi  vit y is 790 mA/W at bias VI{ = 3(N n]V. ‘J’hcsc mults also indicate c.xce.llcnt

electron transJmrl  in this dcvicc  stmcturc duc to the high mobility binary GaAs barriers.

‘J’his  very kmg-wavcJcngth  (A ~. = 18 pm) ]nx(ial .XAs/GaAs QW1l) had a dctcctivify  1)*:

of ].8 x lo~~ cm~llz,/W  at h], = 16.7 pm oJJcratin:, at ‘1’ = 40 K. The Jargc rcsJmnsivity

anti dctcztivit  y II* values arc. ccm~J>arablc  to those achicvcd  with the Jat t ice. matched

GaAs/AIX(ial _XAs materials systcm,  and hmcc fllrtkr  study scc.ms wamntcd.

SIJJVIMARY

1 ixccptionally  rapid  progress has bcm  made in the dcvc]oJmlcnt  of very Jong

wavcJcmgth  QWI 1%, since they were. first cxJmimcntall y dc.monstratcd  on] y a fc.w years

figo. Now it is possible for V] W] R QWI f‘s to achicwc cxcc]lcnt  J~crfcmnancc  (e.g.,

dctcctivitics as high as 1]”: of 8xlol~  cm~lldW at 55 K for 15 pm <)Wll>).  This

oJ~cmting  tcn~J>crat  urc can be easily achicvcd  by sing]c stage Stirling coolers. I jig,. 12.

shows the evolution of high sensitivity very long wavcJcnSth  QWJJ’S. A mission

current] y under CJcvc]opmcnt at the Jet l’roJ)u]sicm 1 abmttory is the. AtnlosJkric  ] R

Sounder (Al 1< S). ‘1’his mission will monilm the 3-J 5 I!n] in frarccl region to obtain the



at mosphcric  tmpcrat  m profile and ot hm atmospheric propcr(ics.  1 MC to the. hi{:h

internal i mpcdmcc,  low 1/f noise, high mdiation  hardness, low cost (sec } tig,. 15), easy

h ybridizaticm  to readout clectmnics, and hig,h uniformity of QW1 P, it is a potential

candidate for the V] .WIR focal plane. al I’i3yS  of AIRS where the fabrication of IIg ].

~(UdX’J’c detector arrays bcmmcs  increasinp,l y difficult.

‘J’hc research dcscribcd  in this paper was pcrfornmt  partly by the (lmter for Space

h4icmclc&tronics  ‘J’cchnology, Jc.t l)mpulsion  1 a b m - s t o r y , ~alifornia  ]nstitutc o f

‘1’cchnology,  and w a s  @intly  s p o n s o r e d  b y  the Ballistic Missile Ilcfcnsc

Orgal~izatior~/ll]  l~ovativc  Scic.ncc  an(i ‘1’cchno]ogy office, and the National Acrcmautics

and Space Ad mini strat ion, office  of Advanced Ckmccpts  and “1’cchnolog y.
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l~J(; [JRlt  (: AIY1’IONS

1 jig. 1 l]ancl diagram of convcnticma]  intrinsic infrared photodcteclor,



1s

J ‘Ig. 2. Schematic band (iiagram of a quantum WC1l, lntersubbanci  absorption can take

place bctwmn  the energy le.vcls of a quantum well associated with the conduction

ban(i or the valcncc. band.

1 ;ig,.  3 Calculatd  peak wavelength (),j)) of t)o~lll(i-t{)-coll  tilltlllrll  QW1 I’ as a func[icm of

AlxGal-xAs  barrier composition (x) fm various quantum well widths.

l;ig,. 7 QWII)S (with no light coup]inp, schcmc) do not absorb normal incident IR lig,ht

since there is no iight polarization coln]mnc.nt alo~~g ti~c quantum wcli ~iirec(ion

(growth direction).

liip,. 8 ]>iffcrcnt  light coupling ~~lccllallisf~]sllscd  in QWI1)S. (a) 45° polishe{i  facet, (b)

lincaror  twociimcnsicmal  gratingson  each clctcc.tm,and  (c) gratings with optical

cavity.

l;i~,.9 (a) Scl~cjllatit:  sidcvicw  ofatlliII  QW1l’]Jixcl witllaratldotll  reflector,  l(ically  all

the radiation is trapped cxccpt for a small frmtion which cscapc through the escape



cone (defined  by critical angle  @)C), (b) top view of the unit cell of the scattering

surface (arrows indicate  the 16 random pmsibilitics),  (c) top view of the. cm of the

16 possibilities, (d) side view of the unit CCI1.

] ;ig. 10rl’ypical photomponsc  cmvcs o f  boLlllcl-to-col~til~lltln~  V I  WI R  QWI 1}s a t

kmpcraturc  T = 55 K.

1 rig. 11 Dctcctivity  of VI ,Wl R QW1 P as a function of tenqmratLwc.  Unlilw the narrow

band gap detectors, dcte.ct  ivit y increases with dccrcming tempcrat Lm.

1 Jig. 12 } ivolulion  of the performance of very long wavclcmgth QWJI).

ldg. 13 l}icturc of the first 15 pm 128x128 QWII) focal plane array.

1 ;i~,.  14 Random reflectors on pixels (38x38  p n12) of QW1 P focal p]anc army. ‘lThc

random rcfkctors jncrcasc the light coupling efficiency by factor- of eight

when the substmtc  thin down to - 25 p n)

1 jig. 15 ‘J’hirly five 128x128 QW1l) focal plane arrays on 3 in. GaAs wafer.

















.





,,,,
. .. .:.,,,

,,.,
:..,,. .

$. . .

: .,

,.“7‘ -:

,. .,., ,..., ,’

. t“ ~,f. --, . . .












